The effects of mechanical disintegration on anaerobic digestibility of sewage excess sludge in downflow stationary fixed film (DSFF) digesters were investigated on laboratory scale. Mechanical pretreatment using a high pressure homogenizer led to significantly enhanced concentrations of soluble proteins and carbohydrates in the feed sludge. Using DSFF digesters with two different tubular plastic media as support material it was shown that a stable digestion process could be achieved at hydraulic retention times (HRT) down to 5 days. Compared to conventional digesters at 10 d and 15 d HRT respectively, the degradation of volatile solids was enhanced up to 25%, also resulting in a higher specific biogas production. Further investigations on degradation of soluble proteins and carbohydrates showed that a slowly degradable fraction of carbohydrates was released via disintegration. Using the distribution of chain length and the concentrations of volatile fatty acids as process parameters, the dependability on the HRT and the degree of disintegration (the release of soluble COD) predominated the effects of specific surface area of the support media.
Introduction
As previously shown (Kopp et al., 1997 , mechanical disintegration of sewage excess sludge presents an option to increase the degradation of volatile sludge solids and to accelerate the digestion process. Mechanical disintegration, as known from biotechnological applications (Schwedes and Bunge, 1992) , leads to instantaneous cell rupture and hence to immediate release of intracellular substances. Techniques for wet sludge disintegration have been recently reviewed by Weemaes and Verstraete (1998) . The pretreatment of sewage excess sludge (=waste activated sludge) seems to be especially beneficial because cell lysis/hydrolysis of cell walls of microorganisms has been shown to be the limiting step in anaerobic digestion of this type of sludge (Gujer and Zehnder, 1983; Speece, 1983; Gosset, 1986, Pavlostathis and Giraldo-Gomez, 1991) . The enhanced concentration of soluble substances in the substrate sludge after pretreatment favours the use of high rate anaerobic reactors for digestion at reduced hydraulic retention times. Investigations so far concentrated on fixed film reactors, using flexible PE stripes (Dauber, 1992) or nylon ring lace for the retention of active biomass. The present study concentrates on the use of commercially available, tubular plastic media (PE) which was installed in laboratory DSFF digesters in vertical orientation. To gain a better understanding of the effects of disintegration and the biological processes underlying the anaerobic digestion of disintegrated excess sludge in various reactors, soluble proteins and C6-carbohydrates, which were released by disintegration, were chosen as key substances. Furthermore volatile fatty acids were used as process indicators as proposed by other authors (Kapp, 1984; Ahring et al., 1995) .
Materials and methods

Laboratory digesters
Four DSFF reactors and two conventional digesters were investigated in parallel. Two of the DSFF reactors were equipped with BIO-PAC 15 PE media (Envicon Company, Germany) with a specific surface area of 150 m 2 /m 3 and a specific weight of 68 kg/m 3 . The BIO-NET 100 PE media (NSW Company, Germany) in the other DSFF reactors had a slightly lower specific surface area (90 m 2 /m 3 ) at lower specific weight (46 kg/m 3 ). This led to slightly different free reactor volumes of 0.025 m 3 and 0.03 m 3 respectively. Two of the DSFF reactors with different support media were maintained at similar HRTs at a time. The conventional digestion process took place at 10 d and 15 d HRT, the fixed film enhanced process at approximately 2.5 d and 5 d HRT. Three different degrees of disintegration of the feed sludge were tested in descending order. After every change in disintegration intensity the reactors were allowed to acclimatize for three months, then a test phase of several weeks was carried out. The free reactor volume was tested after every research phase by draining and weighing the fluid sludge from the reactors to ensure that there was neither any clogging of the support material nor any excessive accumulation of sludge solids in the reactors. Anaerobic conditions were maintained during this procedure by flushing the reactors with biogas. The feed and effluent sludges were stored at 4ºC prior to / after digestion. The reactor layout is shown in Figure 1 . The reactor contents were recirculated about four times per hour, resulting in a completely mixed sludge phase.
Feed sludge and analyses
Sewage excess sludge from an activated sludge treatment plant (240,000 population equivalents) with advanced nutrient removal (nitrification, denitrification, enhanced biological phosphorus removal) was used. The average sludge age was 18 days. The excess sludge was pre-thickened by dissolved air flotation and pre-sieved via 500 µm mesh sieves for removal of coarse material. For disintegration a high pressure homogenizer HPH (APV Gaulin, LAB 60-10 TBS) was used at three pressure differences ∆p (50, 300, 600 bar). In order to assess the disintegration results, the degrees of disintegration were determined via CODrelease (DR COD ) and via oxygen consumption (DR O ) as proposed by Kopp et al. (1997) Müller et al. (1998) . DR COD gives the release of organic compounds into the fluid phase, while DR O is closely related to the respirometric metabolism of sludge bacteria, which ceases with cell disruption. Routine analyses of volatile solids and other parameters were performed according to German Standard Methods (DEV). The reduction of volatile solids η VS was calculated according to Eq. (1). Due to the release of volatile organic substances by disintegration and a possible loss of these substances during drying at 105ºC, all results were related to the volatile solids content in non-disintegrated feed sludge VS 0 . Biological and thermo-chemical reactions during mechanical disintegration were found to be negligible.
For fluid phase analyses sludge samples were centrifuged at 3000 g for 30 min and filtered through 0.45 µm nitrocelullose membrane filters subsequently. Further analyses were performed immediately after filtration. Volatile fatty acids were determined by a HP 5890 Series II gas chromatograph equipped with flame ionization detector. The sum of all C2 to C6 volatile fatty acids (VFA) was calculated as so called acetic acid equivalents (HAc eq ) by Eq. (2).
Soluble proteins were detected according to the Bradford method (Bradford, 1976) which was adapted to sludge sampling. 100 µl of filtrate was mixed with 4.9 ml of Coomassie Brilliant Blue solution. After 5 minutes incubation time at 20ºC the extinction was measured at 595 nm against the blind sample (100 µl 1 M NaOH+4.9 ml Coomassie reagent). Soluble carbohydrates were measured using a modified Anthron method (Kakacz and Vejdelek, 1974) . 1 ml of filtrate was mixed with 4 ml of 0.2 % Anthron solution in a cooled vessel. Then the vessel was heated to 100ºC for 10 min in a heater block and cooled again. The extinction was measured at room temperature at 625 nm. The COD of proteins and carbohydrates was calculated on a theoretical basis. For carbohydrates the conversion factor of 1.066 g COD/g CH was used (referring to Glucose as substrate), whereas an elementary composition of protein according to Langhans (1997) yielded a factor of 1.35 g COD/g Prot.
Results and discussion
Disintegration effects on feed sludge
Prior to digestion the effects of disintegration on the feed sludge were examined. Average characteristics of the feed sludge are shown in Table 1 . Higher pressure differences in the HPH lead to higher degrees of disintegration DRO and DR COD . A higher disintegration intensity also corresponds to a higher specific energy input (compare Table 1 and Figure 2 ).
As previously shown the degree of disintegration and the necessary specific energy input do not only depend on the disintegration apparatus applied, but also on the origin of the feed sludge (particle size distribution, volatile solids content etc.). So far no comprehensive model has been developed to describe the main parameters influencing the disintegration result. Therefore the disintegration result has to be determined separately for every single feed sludge. With this special sludge there is a nearly linear increase in disintegration (in terms of DR COD ) which slightly diminishes at specific energy inputs exceeding 1000 kJ/kg TS. At lower DR COD an almost linear increase in the ratio of protein-and carbohydrate-COD to the total COD f release takes place (Figure 3) . At DR COD (15 % (COD f ( 3000 mg/L) the proportion of protein-and carbohydrate-COD remains nearly constant. This means that the release of proteins and carbohydrates rises gradually especially at lower degrees of disintegration (equivalent to ∆pഡ 200 bar in an HPH) as bacterial membranes are slashed. At higher pressure differences the release of proteins and carbohydrates increases linearily with the release of non-protein or non-carbohydrate COD, giving a constant COD/COD ratio.
Volatile solids reduction and biogas production
As shown in Figure 4 , the combination of disintegration and DSFF digestion of excess sludge exerts two main effects on the digestion process. The symbols represent the arithmetic mean of η VS in different reactor types at a distinct DR COD and HRT (error bars symbolize the standard deviations of η VS and HRT). The areas between the solid lines give the approximate range of values found during the investigations. The pretreatment counteracts the limiting effect of cell lysis, which only allows higher VS reduction at higher HRT (regardless of reactor layout). The reduction of VS in fixed film digesters is thoroughly accelerated. As a result of the high rate reactor layout, η VS of about 38-40 % at minimal digestion times down to 2 days may be realized without process failure. Furthermore VS reduction of disintegrated sludges (DR COD =21.7% and 43.4%) at 2-6 d HRT exceeds those of non-or minimally disintegrated sludge (DR COD =4.1%) at 10-15 d HRT in conventional digesters. This means, that organic substrate is released by disintegration, which is not accessible for digestion in a conventional process. Results also show the decreasing influence of the degree of disintegration on VS reduction for DR COD >20%. Although the specific energy input had been doubled to reach DR COD =43.4% (∆p 300 bar vs. 600 bar), the positive effect on η VS was marginal and almost lay within statistical deviations (see error bars for σ in Figure 4 ).
Within our research no significant variations between the reactors with different types of support media could be detected. Even though the BIO-PAC media has a higher specific surface area there was no better performance of biogas production or VS reduction at steady state conditions. Within two years of operation there was neither any clogging of the reactors nor any excessive accumulation of sludge solids, even at high TS concentrations. The reduction of sludge viscosity by disintegration and the presieving presumably mostly contributed to this performance. Following the results of VS reduction, the biogas generation at DR COD =21.7% and 43.4% always exceeded the specific gas production of the reactors, which were fed with the poorly pretreated sludge (DR COD =4.1%). Although no pronounced differences in η VS could be detected at higher degrees of disintegration, the varying hydraulic retention times of the DSFF reactors and conventional digesters influenced the production of biogas and its composition (see Table 2 ).
At short HRT (high organic loading rate) the volumetric methane content was increased regardless of the pretreatment intensity. Longer retention times in the conventional digesters resulted in a slightly decreased percentage of methane for disintegrated sludges, and a more pronounced drop in methane content for DR COD =4.1 %. The increased methane content at short retention times or higher DR COD indicates a fast metabolization of proteins, which results in a high-methane biogas (Kapp, 1984) . For specific biogas generation the highest value was reached at conventional HRT and high degrees of disintegration. Short HRT and low DR COD were unfavourable for the production of biogas. The reasons for this cannot be clearly defined. The observations may be attributed to gas solubility in the effluent sludge. At shorter HRT more biogas is supposed to leave the reactor via the liquid stream. Another reason may be the accumulation of metabolites in addition to volatile fatty acids, which are a potential source for methane production.
Degradation of proteins and carbohydrates
The differences in the degradation of proteins and carbohydrates during digestion are indicated by their concentrations at decreasing HRT. Regardless of the reactor type, protein and carbohydrate degradation are merely time dependent. At high DR COD , a high release of these substrates takes place. As shown in Figure 5 for DR COD =43.4%, all the soluble proteins are readily degradable within 2 d HRT. No more than 6% of the initial concentration remain in the supernatant. Correspondingly a shift from organic nitrogen to ammonium nitrogen in the TKN of the sludge water takes place, which indicates the deamination of amino acids during the degradation of proteins ( Figure 6 ). For DR COD =43.4 % about 58% of the total ammonium nitrogen are released within 2 days. The proportion of organic nitrogen comprising -amongst others -protein-bound nitrogen is reduced to low levels and remains almost constant for HRT>2 d. The intensified VS reduction at high degrees of disintegration also leads to higher nitrogen concentrations in the supernatant compared to nondisintegrated sludges (Kopp et al., 1997) .
Besides their minor release, the carbohydrates also show a different degradation pattern. About 60% of the soluble carbohydrates are readily digested, whereas some of them are more reluctant to biodegrade. They form a slowly degradable fraction, which results in enhanced levels of carbohydrates decreasing continually at HRT between 2 d and 15 d.
Final evidence of the origin of these slowly degradable carbohydrates is lacking, but research of other authors indicates, that these may come from extracellular polymeric substances (EPS) which serve as a kind of protective polysaccharide layer around bacterial cells (Jia et al., 1996; Kopp et al., 1998) .
Volatile fatty acids
Volatile fatty acids served as process indicators for anaerobic digestion as proposed by Ahring et al., 1995. High rate stabilization of disintegrated sludges at low HRT shows a significant impact on volatile fatty acid (VFA) concentrations in the digesters and on the distribution of chain length of VFA. The concentrations of HAc eq strongly depend on the degree of disintegration and the hydraulic retention time (compare Figure 7) . A decrease in HRT (inversely increasing the volumetric organic loading rate) provokes a steady rise in HAc eq . The degree of disintegration, which determines the concentration of soluble substrates like proteins and carbohydrates in the feed, characterizes the slope of the connection line between the various reactors. The higher the soluble COD load gets, the more VFA accumulate. The rate controlling step of sludge digestion has shifted from cell lysis to methanogenesis at these high rate conditions. Nevertheless the type of reactor is of minor importance, compared to the hydraulic retention time and the disintegration of the feed sludge. Although the BIO-PAC equipped digesters have a higher surface/volume ratio and hence were supposed to exert higher methanogenic activity, the performance did not outcompete that of the BIO-NET reactors. The formation of an active biofilm on the support material does not seem to be governed by the specific surface area. Using HAc eq as stabilization criteria (Kapp, 1984) , hydraulic retention times around 5 days (equal to 5.3 kg VS/(m 3 ?d)) seem favourable to obtain a well stabilized sludge. As shown in Table 3 the concentrations of C3-C6 VFA vary with HRT. At DR COD =43.4% the Prop/Ac ratio rises from 0.12 (5.9 d) to 0.33 (1.9 d). At short HRT around 2 days C4-C5 VFA were detected in the sludge liquid, indicating an enhanced kinetic uncoupling between acid production and consumption. Even though the VFA concentrations did not affect process stability at these levels, they clearly show the limited potential for the buffering of shock loads at short HRT.
Conclusion
Mechanical disintegration has been shown to have a profound influence on the anaerobic digestibility of excess sludge in fixed film digesters. High VS reduction of η VS =38%-40% was reached at low HRT. The methane content of the biogas was increased, but detectable specific biogas and methane production did not reach conventional process values at prolonged HRT.
The release of intracellular proteins and carbohydrates was stimulated by disintegration. At DR COD >20% the release of proteins and carbohydrates increased linearily with the release of total COD. Within 2 d HRT all soluble proteins were readily digested, which was confirmed by the transformation of organic nitrogen to NH 4 -N. On the contrary it was shown for the first time, that the released carbohydrates exhibited a different degradation pattern. About 40% of the carbohydrates were slowly degradable, resulting in enhanced concentrations at 2 d# HRT# 15 d. Volatile fatty acid concentrations and compositions have been useful process indicators for high rate digestion of disintegrated sludge. Unexpectedly there was no direct correlation of VFA levels and specific surface area of the support material in DSFF reactors. Major effects were exerted by the HRT (volumetric loading rate respectively) and the initial feed disintegration. High concentrations of soluble substrates at short HRT lead to high steady state VFA concentrations, clearly indicating a shift from a lysis limited digestion towards subsequent process steps. In terms of reactor and process performance (especially VS reduction, biogas generation and remaining VFA in the effluent), medium DR COD of 20%-30% at hydraulic retention times around 5 d seem to be most favourable. Disintegration of excess sludge together with DSFF digestion shows a high potential for maximizing degradation of volatile sludge solids at minimized reactor volumes. Provided successful large scale tests, future applications may be the upgrade of overloaded digesters or the construction of compact digestion units.
